Acoustic emission techniques have been used to monitor pitting fatigue processes during four-ball testing. Results are presented that arose from a collaborative programme between the Naval Research Laboratory (Washington DC) and the University of Wales Swansea, sponsored by the US Office of Naval Research. The ultimate aim of the research is to develop a systematic fusion technology approach to condition-based maintenance of wear-related surface distress of critical components in naval air and surface combatant engine and transmission systems. The principal monitoring techniques utilised in the investigation comprise acoustic emission, vibration analysis and wear debris analysis.
Introduction
Research presented herein was conducted under the guise of NICOP II, a collaborative programme between the University of Wales, Swansea (UWS) and the Naval Research Laboratory (NRL), Washington DC, which was sponsored by the Office of Naval Research (ONR), Washington DC. NICOP programmes play a key role in the development of LaserNet Technology. LaserNet is an optically based Machinery Health Monitoring technology capable of the direct detection of incipient faults and the identification of fault type and severity by automated shape analysis of debris particles in lubricating oil. These capabilities are required for effective machinery operation in emerging low maintenance budget, reduced staffing operational environments.
The NICOP II Programme was an extension of prior work aimed at expanding the diagnostic capability of LaserNet Technology. This program started in 1999 and continued through 2002. The goals of NICOP II addressed the integration of vibration and oil debris diagnostic technologies with the aim of improving the accuracy of machine diagnostics and improving the diagnostic reliability by reducing the false alarm rate. In the NICOP II Programme, vibration and acoustic emission (AE) data was acquired as fault debris was being produced on classic wear debris generating test rigs.
Vibration analysis is a well established technique for damage detection in rotating machinery [1] . Both gear and bearing faults can be detected from within gearboxes by examination of vibration frequency signatures. However, due to background noise levels, early detection of these types of faults can be difficult.
Most machinery will generate noise with frequency content up to 25 kHz. If faults can be observed at frequencies above 25 kHz a much improved signal-to-noise ratio can be obtained. Present sensor technology limits vibration measurements to frequencies of less than 50 kHz. To examine signals emitted at frequencies of 50 kHz and above, AE techniques are commonly used [2] .
Acoustic emissions have been used extensively for damage detection over recent years. The value of non-destructive testing of airframes, bridges and other static structures using AE techniques has been accepted worldwide. Damage can be detected by monitoring shockwave pulses generated when damage occurs. To classify the damage type, an array of sensors is commonly used to locate the source, which can then be inspected manually.
Acoustic emissions are generated when materials undergo a transient change in the stored elastic energy of the system. This could be due to either stretching or breaking of the material bonds at the molecular scale. The resulting impulse sets up a bulk wave in the material that propagates towards the surface where it converts to a surface wave, which can be detected by specialist transducers [3] . Figure 1 shows the three main AE signal types [4] .
Figure 1 -Different AE signal types
Static structures commonly emit burst type activity. Individual 'hits' can readily be detected and analysed separately using commercial AE equipment. However, not all acoustic emissions are seen as discrete pulses, bursts or events. Rotating machinery often emits AE so frequently that the signal appears continuous, or the bursts are superimposed on a background signal. 
452
Damage Assessment of Structures V When pitting occurs in a bearing, impulses generated as the rolling elements pass over the damaged area cause high amplitude bursts, which can easily be detected over the much lower background level [5] , but emissions from the damage that leads to pitting is often buried in the background noise and cannot be captured individually using threshold crossing techniques. For this reason a data acquisition system was developed to acquire long chunks of data, allowing the continuous background signal to be analysed.
Although vibration, acoustic emission and wear debris analyses were conducted for the NICOP II programme, only AE and related metallurgical analyses are presented in this paper.
Test Equipment
This section describes the test machine used to generate data and the custom data acquisition system used to collect the data. Figure 2 shows the Four-ball test machine used during this investigation. The four-ball machine is normally utilised to perform lubricant tests according to internationally recognised standard test procedures [6] . In the UK, the designated standards are stipulated according to the Institute of Petroleum (IP) as follows: scuffing tests (sliding) -IP239; pitting fatigue (rolling) -IP300. Figure 3 shows schematically the four-ball configuration for rolling. The laboratory four-ball machine was a modification of the standard Stanhope-Seta IP239/97 machine. Instead of an AC 1500 rpm motor there was a variable speed DC motor. This allowed the spindle speed to be varied from 500 rpm to 3000 rpm. A shaft position encoder was also added to the upper end of the shaft used to drive the top ball. The loading was dependent on the type of test carried out. In the case of the pitting fatigue tests, the load range used was from 400 kg to 800 kg.
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Figure 3 -Four-ball test cup configuration for rolling contact
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For rolling contact, the lower three balls were free to rotate on their own axes and around the 'race' cup under the driving action of the rotating upper ball. The geometry of the race was such that the orbit of each of the lower balls was random. As only the upper ball undergoes repeated cyclic loading on the same track, the upper ball should pit before the lower balls. For the rolling contact mode tests, the running time to the formation of a pit in the upper ball was the sole criterion governing termination of the test. Running times per test varied between a few minutes to about three hours with applied loads in the range 400 kg to 800 kg. Lubrication was achieved by means of a simple oil bath -the cup, which held approximately 9mls of oil.
The fusion of vibration, AE and oil debris data for faults generated under conditions representative of US Navy machinery operation was the key goal of NICOP II. The NICOP II test matrix was designed to provide vibration, AE and debris data in speed, load and lubrication regimes closely associated with machinery operation regimes on surface combatants and helicopters. This correlation was important because of the need to fuse sensor data as part of the condition based maintenance (CBM) technology transition initiative of the US Navy.
These parameters served to define the test conditions for the 4-ball test machine which was employed in NICOP II. The four-ball machine may be used to simulate conditions experienced in a range of machinery operated by the US Navy. Lower loads and speeds are applicable to ship main reduction gearboxes with higher loads and speeds applicable to turbine engine accessory gearboxes.
Data Acquisition System. For maximum diagnostic coverage both vibration and acoustic emission data were collected for post-test analysis. Current machinery diagnostic practice and typical machinery background operational noise spectral content were considered in the selection of the technologies and data acquisition frequency ranges. For typical military and civil air and surface fleet machinery, operational noise spectral content is high in the frequency range up to about 25 kHz. This range may also contain vibration associated with machinery faults. Because the operating vibration level is often orders of magnitude above vibration signals associated with the types of faults being considered, accurate early detection of faults is difficult and detection reliability is limited. For this reason current diagnostic practice dictates that data should be acquired above 25 kHz to cover the range where machinery operating noise is diminished and the signal to noise ratio for the fault associated vibration is more favourable. While it would be desirable to collect vibrational data for the full frequency range above the 25 kHz machinery operational noise tail off, current technology appears to limit reliable linear vibration measurement and the associated calibration standards to the region of 50 kHz.
AE was the technology of choice to probe the frequency range above the linear vibration cap. For the NICOP II programme, the waveform of the sensor output signal was recorded and analysed to extract features associated with fault types. The following sections describe the instrumentation selected to implement the acquisition of vibration and AE data.
The data acquisition (DAQ) system used to collect vibration and acoustic emission data consisted of three computer-based subsystems (Figure 4) . Each of the subsystems performed a dedicated task and all were externally connected together to enable synchronisation. One computer was used to collect vibration and parametric data channels and two computers were used to collect AE data.
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Figure 4 -Data acquisition system
Two subsystems were employed to collect AE data. A commercial system was used to collect hit based data and a custom system used to reliably store waveform data.
Physical Acoustics Corporation (PAC) acoustic emission transducers were used to convert mechanical energy carried by elastic waves into electrical signals. Two different types of sensors were used: PAC mini30s, with a 300 kHz resonant frequency and a PAC WD, with a broadband response range of 100 kHz -1MHz.
The signals from the transducers were connected to individual pre-amplifiers where the signals were given a 40 dB gain and filtered using 6-pole Butterworth, band-pass filters with 20 kHz and 1 MHz corner frequencies. Both sensor and pre-amplifier pairs were powered through the shielded coaxial signal cables connected to the main computer. The PC was fitted with a PAC PCI-DSP board to form a DiSP system. The PCI-DSP board, a 4-channel, digital signal processing based AE data acquisition system on a single, full-size, PCI-bus card, was capable of 16-bit, 10 MHz A/D conversion, on-board processing, and included software programmable high pass and low pass filters for each channel.
Although a standard hit threshold system could be used to detect the large increase in amplitudes noticed after pitting had occurred, to monitor the development of a defect required a more continuous solution. A separate computer based DAQ system was used to reliably record continuous AE waveforms. The same transducers and pre-amplifiers were used with a T-junction fitted to the output of the pre-amplifiers to allow the signal to be split and used in both AE subsystems.
The outputs from the pre-amplifiers were connected to a shielded connection box via coaxial cables terminated with BNC connectors and DC Blockers. The signals had DC components of 28 V, which were removed by passing the signals through 100 mF capacitors. The shielded connection box was linked to a PC based DAQ board where the analogue waveform was converted to a digital signal. A NI PCI-6111E DAQ board with a 12-bit resolution and 5 MHz sampling rate per channel was used, allowing accurate representation of the band Microsoft Windows 2000 and LabVIEW imposed an upper limit on the size of any one file collected. Due to the 32-bit file structure a file larger than 2 GB cannot exist. This limited continuous AE waveform collection to approximately 2 minutes with 2-channels sampled at 5 MHz. To monitor longer duration tests required non-continuous AE waveform collection. To achieve this, one complete revolution of data was collected every 2.5 seconds.
Experimental Results
Throughout all tests, one complete revolution of data (40 ms at a speed of 1500 rpm) was collected every 2.5 seconds. The x-axis on all results graphs represents time; the axis numbers relate to the number of the file processed. For example, time = 100 files is equivalent to 100 x 2.5 = 250 seconds into the test. Figures 5 and 6 show the RMS history of the broadband AE signal. The raw waveform was digitally filtered with a pass-band between 100 kHz and 400kHz before further processing. RMS values for both tests steadily decrease until failure, where the values increase by an order of magnitude. The initial ramp up of values at the start of tests is consistent with machine spindle run-up and the slow addition of load, which occur at the start of each test. Although pitting can be detected using these methods, pitting cannot be predicted due the lack of precursory events. 
Figure 5 -Rolling Test 'A' RMS results Figure 6 -Rolling Test 'B' RMS results
The following figures show time-frequency plots for the same two tests. The y-axis denotes frequency, in Hz, while the colour intensity of each point represents the signal amplitude. Two distinct trends were spotted across the full range of test conducted. Figure 7 shows the FFT history for test A. Figure 8 shows the FFT history for test B.
Some very interesting trends are displayed between the frequencies of approximately 180 kHz and 230 kHz in test A. All tests that exhibited the early spectral behaviour shown above ended with the same strong pulsing also shown. In the graph for test B, a distinct shift of energy between the peak at 115 kHz and the peak at 50 kHz occurs at time = 170. This was not evident in test A. Test B frequency content, between 150 kHz and 250 kHz, is similar to test A, except the pulsing energy is evenly spread throughout the test.
Another point to note is that throughout the tests all frequency peaks undergo a negative shift of approximately 5%. This is most noticeable in figure 7 ; the frequency of the three peaks can be seen to drop as the test progresses.
A typical pit resulting from a rolling test is approximately 1 mm in diameter and 0.5 mm deep. This matches the Timken criterion for removal of a bearing from service. After examining the surfaces of the balls, some were sent to the Fuels and Lubricants division at QinetiQ where they were mounted in conductive resin and sectioned through their pit. The exposed surface was then polished to a mirror finish. The sectioned balls were examined using a scanning electron microscope. Subsurface cracks were found. Further compositional analysis revealed no change around the damaged areas. Figure 9 is a SEM micrograph of test A, showing the section through the pit. Crack networks that would eventually result in wear particle generation can clearly be seen.
Figure 9 -SEM micrograph showing pit and subsurface crack networks
After SEM analysis the sectioned balls were etched with Nitrol and examined optically. Figure 10 shows the area around the pit.
Figure 10 -Subsurface crack close to pit
There were no signs of persistent slip bands caused by cyclic fatigue or any other forms of work hardening. Micro hardness testing failed to find an appreciable difference across the section of the ball. In an attempt to find the cause of the trends defined above, a LabVIEW program was constructed to process data by FFT in real-time. As soon as events were spotted on screen the tests were stopped.
The test C was terminated due to the presence of pulsing at frequencies between 210 kHz and 230 kHz. The test balls were examined offline at QinetiQ, where subsurface cracks were 458 Damage Assessment of Structures V found in the absence of any surface failure. The subsurface cracks discovered from this test are shown in Figure 11 .
Figure 11 -Subsurface crack found in ball from Test 'C'
The test D was terminated due to the presence an energy shift between the peak centred at 112.5 kHz and the peak at 50 kHz. The test balls were examined offline at QinetiQ, where subsurface cracks were found in the absence of any surface failure. The subsurface cracks discovered from this test are shown in Figure 12 .
Figure 12 -Subsurface crack found in ball from Test 'D'
If these tests were allowed to continue, pitting would have initiated in the vicinity of the subsurface cracks.
Discussion and Conclusions
Tests were conducted to simulate wear modes commonly experienced by gear and bearing components in naval air and surface combatants. Fatigue wear takes place when material is subjected to cyclic loading. Material properties will change over time as a result of repeated load variations. In bearing applications, the metal will suffer ductility exhaustion. As the metal becomes more brittle, subsurface cracks form and propagate towards the surface, leading to removal of metal from the surface. Results from four-ball rolling tests show that both high frequency vibration and AE signals can be used to detect pitting. Signal levels generated during normal running have low amplitudes. Once pitting has occurred, impulses generated as the pit periodically passes through the contact excite multiple resonances, causing the RMS amplitude of both sets of data to increase by an order of magnitude.
Closer inspection of acoustic emission data reveals changes in signal content prior to pitting. Several interesting trends have been noted and are described briefly here. There are many peaks in the FFT of AE signals. Over the duration of a test, these peaks all suffer a small drop in frequency (typically 5%). The majority of these peaks also slowly decrease in amplitude during tests. In key frequency bands, differences were noted between tests. Across the range of tests conducted, two main differences were noted. Before pitting had occurred, some tests exhibited a distinct shift of energy from a peak at approximately 115 kHz to a peak at approximately 50 kHz. This typically occurred between 40% and 80% of the test ball fatigue life. Other tests showed patterns of activity between the approximate frequencies of 180 kHz and 230 kHz. Distinct pulsing characteristics could be seen shortly before pitting. Various signal processing techniques were used to remove unwanted noise from the data. The spectral density of the signal can be used to give a low noise representation of the frequency content. Two sensors with different frequency responses were used on all tests. To highlight source events and remove sensor response dependencies, the cross-correlation was computed between channels. The FFT history of the cross-channel correlation results contained similar information. All of the trends previously seen were still present. This indicates that peaks in signal FFT must be due to machine resonances or representative of the frequency of the AE source.
Post-test autopsy of the balls showed subsurface crack networks leading to the pits, the severity of which were dependent on the test load. How cracks propagate to cause a pit and allow wear particle generation could also be seen. Previously established wear particle attribute sets for fatigue wear particles were found to correlate well with particles generated during rolling tests. A substantially quantity of AE data representative of fatigue wear has been collected.
To establish the cause of the change in frequency patterns observed before pitting, software was developed to allow real-time display of the FFT processing results. Balls used in tests that were terminated due to trends observed on-screen were found to possess no surface damage but did contain subsurface cracks. Therefore, an automated pattern recognition system based on AE time-frequency data could be used for on-line detection of subsurface cracking.
Acoustic emission monitoring is capable of detecting subsurface cracks. Neither vibration monitoring nor wear debris analysis techniques show any indication of wear at this stage.
